Phylogenetic inferences drawn from comparative data on mammalian ␤-globin gene clusters indicate that the ancestral primate cluster contained a locus control region (LCR) and five paralogously related ␤-type globin loci (5-LCR--␥--␦-␤-3), with and ␥ expressed solely during embryonic life. A ␥ locus tandem duplication (5-␥ 1 -␥ 2 -3) triggered ␥'s evolution toward fetal expression but by a different trajectory in platyrrhines (New World monkeys) than in catarrhines (Old World monkeys and apes, including humans). In platyrrhine (e.g., Cebus) fetuses, ␥ 1 at the ancestral distance from is down-regulated, whereas ␥ 2 at increased distance is up-regulated. Catarrhine ␥ 1 and ␥ 2 acquired longer distances from (14 and 19 kb, respectively), and both are upregulated throughout fetal life with ␥ 1 's expression predominating over ␥ 2 's. On enlarging the platyrrhine expression data, we find Aotus ␥ is embryonic, Alouatta ␥ is inactive at term, and in Callithrix, ␥ 1 is down-regulated fetally, whereas ␥ 2 is up-regulated. Of eight mammalian taxa now represented per taxon by embryonic, fetal, and postnatal ␤-type globin gene expression data, four taxa are primates, and data for three of these primates are from this laboratory. Our results support a model in which a short distance (<10 kb) between and the adjacent ␥ is a plesiomorphic character that allows the LCR to drive embryonic expression of both genes, whereas a longer distance (>10 kb) impedes embryonic activation of the downstream gene.
T
here are considerable comparative genomic and functional data on the gene loci within mammalian ␤-globin gene clusters and on the locus control region (LCR) at the 5Ј end of the clusters (1) (2) (3) (4) (5) (6) (7) . Phylogenetic reconstructions carried out on these data depict the following scenario. All genes found within the clusters trace back to a single gene that tandemly duplicated in the early stem-mammalian lineage (8, 9) . In the subsequent evolution of the resultant two-gene cluster, the 5Ј gene (proto ) became expressed solely in the embryonic stage of life, whereas the 3Ј gene (proto ␤) became expressed primarily in postembryonic stages. In placental mammalian evolution, further tandem duplications on the cluster's 5Ј side gave rise to three genes (5Ј-LCR--␥--) that trace back to proto , whereas on the cluster's 3Ј side, a tandem duplication gave rise to two genes (-␦-␤-3Ј) that trace back to proto ␤. Not long after these duplications, the early primate gene became a pseudogene. The linkage order of the LCR and ␤-type globin genes in the ancestral primate cluster (5Ј-LCR--␥--␦-␤-3Ј) still exists in the strepsirrhine primate galago ( Fig. 1 ; refs. 10 and 11) . It is likely that in the early primates as in galago (Otolemur), upregulation of both and ␥ occurred during embryonic life, followed by down-regulation at the start of fetal life and, concomitantly, up-regulation of ␦ and ␤ (7, 14) .
A ␥-globin locus tandem duplication that produced the gene pair 5Ј-␥ 1 -␥ 2 -3Ј occurred in the stem-anthropoid lineage ancestral to both platyrrhines (New World monkeys) and catarrhines (Old World monkeys and apes including humans) (15) . A proposed model had the increased distance of the ␥ 2 gene from the LCR as a precondition for the acquisition of fetal expression (14, 16) . According to this model, when the ␥ gene duplication occurred, both and close by ␥ 1 remained subject to embryonic activation by the LCR, but ␥ 2 at decreased proximity to the LCR and at increased distance from was less open to embryonic activation. The two anthropoid ␥ genes like the ancestral primate ␥ had cis-silencer elements that could combine with postembryonic repressors. Thus, initially, the nascent ␥ 2 gene was poorly expressed or silent throughout all developmental stages. The LCR could fetally activate the ␥ 2 gene once mutations in the gene's cis-silencer elements destroyed the ability to combine with fetal repressors.
The original model had the ␥ 1 locus acquire via gene conversions the cis mutations at the ␥ 2 locus that favored fetal expression, i.e., both ␥ 1 and ␥ 2 acquired a predominant fetal expression pattern in the stem-anthropoid lineage (14) . That platyrrhines could have retained an embryonically expressed ␥ 1 gene, however, was suggested (16, 17) . Here we present further evidence that agrees with this suggestion and allows us to modify the model by having platyrrhines retain, as a plesiomorphic character, embryonic expression of the ␥ gene adjacent to . We support the modified model both with previously undescribed results about platyrrhine genera Alouatta, Aotus, and Callithrix and with accumulated results on the developmental expression patterns of the globin genes of different primates and other mammals. We also summarize the data on genomic distances within mammalian ␤-globin gene clusters and observe that a short downstream distance separating a ␥ gene from (Ͻ10 kb) is consistent with the LCR embryonically activating this ␥ gene along with , whereas a much longer distance (Ͼ20 kb) is consistent with inhibition of embryonic activation of this downstream gene.
Results
Globin Expression During Platyrrhine Development. Real-time PCR was used to determine the levels of mRNA expression for -, ␥-, and ␤-globin genes in the three tissue samples (Table 1) . Product was not a mixture of globin gene products. All amplified fragments were found to be homogenous, with the exception of the Callithrix ␥ PCR products, where each amplicon contained a mixture of ␥ 1 and ␥ 2 .
Restriction Digests of ␥ Amplicons. We used restriction digestion coupled with densitometry to define the ratio of ␥ 1 and ␥ primer set was designed that would hybridize to identical sequences on Callithrix ␥ 1 and ␥ 2 that flank a base difference that creates a restriction site for EcoICRI in the ␥ 1 sequence (Data Set 1, which is published as supporting information on the PNAS web site). After digestion with EcoICRI, the ␥ 2 amplicon remains intact, whereas the ␥ 1 amplicon yields fragments of 136 bp and 24 bp. The digests were separated on a polyacrylamide gel and quantitated by SYBR staining (Fig. 2) . No further cleavage occurred after an hour. The average ␥ 2 ͞␥ 1 ratio in three runs was 6.6 Ϯ 0.7, indicating that in the Callithrix fetus, the ␥ 2 gene is expressed at a much higher level than ␥ 1 .
␥ Expression in an Aotus Embryo. Evidence for embryonic expression of a platyrrhine ␥ gene was obtained in Aotus embryonic tissue. Aotus has only a single fused ␥ gene, 5Ј-␥ 1 ͞␥ 2 -3Ј (18), and, notably, the promoter of the fused gene is that of ␥ 1 . In the Aotus infulatus embryo that we assayed (Table 1) , we found a signif- Two values are shown for two real-time PCR assays. *Callithrix PCR products were mixtures of both ␥ genes. (12) , this pattern likely persisted until the duplication of the ␥ gene in stem anthropoids. In the anthropoid ancestor, ␥2 was relatively silent because of its separation from the LCR by two intervening embryonically expressed genes and to the retention of postembryonic cis-acting silencer elements, such as those found in the bush baby promoter (13) . In its silent condition, ␥2 was free to acquire the base changes that inactivated those cis elements that bound fetal repressors. Gene conversions from ␥2 to ␥1 then conferred the capacity for fetal expression on ␥1. In platyrrhines, the retained proximity of ␥1 to (and, by extension, to the LCR) promotes predominantly embryonic expression of ␥1; in this clade, represented by the marmoset genus Callithrix, ␥2 is the primary fetally expressed gene. In contrast, in stem catarrhines, LINE element insertions between and ␥1 weakened the LCR's ability to promote embryonic expression of ␥1; in the catarrhine clade, represented here by humans (Homo sapiens), ␥1 is the primary fetally expressed gene. E, F, and A indicate embryonic, fetal, and adult stage gene expression, respectively. Where a gene is expressed in more than one stage, the stage of predominant expression, if any, is indicated by double letters. Stages shown in parentheses indicate trace levels of expression.
icant level of ␥ expression (, ␥, and ␤ expression levels of 62%, 36%, and 3%, respectively). Combining these data with earlier findings (Table 2) clearly shows the progression of Aotus ␥ expression from embryonic to fetal and its early, prenatal, down-regulation. In this progression, the fused ␥ gene with its ␥ 1 promoter is more strongly expressed in the embryo than in the fetus. It should be noted that the Aotus fetal and postnatal samples that were examined in ref. 19 were from A. azarae, a close relative of A. infulatus.
Early Down-Regulation of ␥ Expression in Alouatta. We added to the evidence for a prenatal switch from ␥ to ␤ expression in platyrrhines by observing that all of the ␤-cluster globin message was ␤ in Alouatta term placental tissue ( Table 1 ). The platyrrhines so far studied have a hemomonochorial placenta with a trabecular maternofetal interdigitation and a multivillous fetomaternal blood flow interrelationship (20) . Although maternal capillaries empty into the intervillous͞intertrabecular space (21, 22) , the term placenta of Ateles (spider monkey), a close relative of Alouatta, has little maternal blood in the intervillous space (K. Benirschke, http:͞͞medicine.ucsd.edu͞cpa͞mon.html). Because there is no indication that the howler monkey deviates from the placentas of other platyrrhines, it is likely that nearly all of the ␤-globin cluster message in the Alouatta term placenta is of fetal origin. These data provide additional support for our earlier conclusion that the ␥ to ␤ switch is complete before birth in platyrrhines.
Discussion
The expression of each functional ␤-type globin gene is shaped by the close-range effects of proximal cis-acting regulatory elements, the trans-acting environment, and, crucially, the longrange effects of the LCR. In erythroid cells, the LCR activates high levels of ␤-type globin gene expression. The mechanism for activation by the LCR is not known, however, although various models, including tracking and looping, have been proposed (1, 4, (23) (24) (25) . In tracking models, transcription spreads from DNase1 hypersensitive sites within the LCR, first, to encompass the ␤-type globin genes closest to the LCR, and then, as development proceeds, the complete ␤-globin gene cluster. In looping models, the LCR interacts physically with each expressed ␤-type globin gene. By either tracking or looping, the LCR preferentially activates in the embryo the cluster's most 5Ј genes, and when these genes are deactivated by postembryonic repressors, the LCR activates the more distal 3Ј genes. Transgenic mice experiments have established for large cosmid or YAC transgenes spanning the entire ␤-globin gene cluster that the gene closest to the LCR is always expressed in embryonic erythroid cells (26) (27) (28) , even when the gene order is reversed, making ␤, rather than , closest to the LCR (29) . Similarly, when an extra adult ␤-globin gene is placed just 5Ј of the -globin gene, this extra ␤ is expressed embryonically (30) .
Comparative data on the LCR and genes in mammalian ␤-globin gene clusters reveal that in both marsupials and placental mammals, the -globin gene is closest to the LCR and is indeed solely an embryonic gene ( Table 3 ). The distance of from the LCR, as measured from the highly conserved hypersensitive 2 site, ranges from 6 kb to 11 kb, with the distance to being smallest in murids (6-7 kb) and largest in anthropoids (10-11 kb). Marsupial ␤, which is Ͼ15 kb downstream from marsupial , is nonexpressed in the embryo but is fully expressed in the fetus and in all subsequent developmental stages. This developmentally and genomically differentiated two-gene cluster probably already existed in the last common ancestor of marsupials and placental mammals, with the high expression level of each ␤-type globin gene dependent on long-range effects of the LCR. Of course, differences in expression between embryonic proto and postembryonic proto ␤ could not have been solely due to the greater distance of proto ␤ from the LCR but would also have depended on cis-regulatory evolution and corresponding trans-factor binding differences between the two loci. The promoter has an assortment of cis-acting elements (44) that bind postembryonic repressors (13) . Clearly, by either tracking or looping mechanisms, differences in the trans-acting environment between embryonic and postembryonic erythroid cells are likely to be involved in the longer reach of the LCR in postembryonic erythroid cells.
More complex ␤-globin gene clusters with complex gene expression patterns emerged in the placental mammals where, because of tandem duplications on the cluster's 5Ј side, , ␥, and Representative time course of digestion of amplicons from Callithrix ␥ globin genes. PCR of RNA from a C. penicillata fetus was performed by using a primer set that complements sequences that are identical in C. jacchus ␥ 1 and ␥ 2 , but which enclose a region with a base pair difference between ␥ 1 and ␥ 2 that produces an EcoICRI cleavage site in ␥ 1 . The mixture of amplified fragments from fetal mRNA was digested with EcoICRI, yielding two fragments of 136 and 24 bp from the ␥ 1 amplicon. To ensure that digestion was complete, a time course across four time points (1 h, 2 h, 3 h, and 4 h) was run. A 10-bp ladder is in lane 1. The mean ␥ 2 ͞␥ 1 ratio for three digestions was 6.6 Ϯ 0.7. trace back to proto and, on the cluster's 3Ј side, ␦ and ␤ trace back to proto ␤. Thus ␥ and as well as probably retained cis-acting elements associated with embryonic expression, whereas ␦ and ␤ retained the elements associated with postembryonic expression. Whether either ␥ or is embryonic would then have depended on that gene's closeness to , i.e., its proximity to and distance from the LCR. The data in Table 3 document for placental mammals that when a downstream ␤-type globin gene is separated from by only a short distance, Ͻ10 kb, this downstream gene and is mainly expressed during embryonic life. Murids, rabbits, and noncatarrhine primates have ␥-globin genes that are within 10 kb of the -globin gene and are embryonic in their expression patterns. Goats and cows lack the ␥ locus but have a functional -globin gene that is close to (Ͻ10 kb apart) and has the properties of an embryonic gene. The data in Table 3 further show that when a downstream functional ␤-type globin gene is separated from by Ͼ10 kb, postembryonic expression of this downstream gene predominates over embryonic expression, and when the distance from is Ͼ20 kb, the ␤-type globin gene at the increased distance is inactive during embryonic life.
At least several independent increases in downstream distance from the LCR appear to be associated with embryonic downregulation. As pointed out above, the last common ancestor of marsupials and placental mammals probably had a two-gene cluster in which the embryonically expressed gene () was closest to the LCR, whereas the postembryonically expressed gene (␤) at Ͼ15kb downstream from was furthest from the LCR. During primate evolution, to elaborate on the scenario sketched out in the Introduction, in the stem anthropoid lineage, a 5.5-kb DNA fragment containing the ␥-globin gene locus tandemly duplicated, which left ␥1 at the ancestral distance, Ϸ6 kb, from but placed ␥ 2 at Ϸ12 kb from . This more-downstream locus (␥ 2 ) then acquired the predominating fetal expression patterns that have been retained in platyrrhines and catarrhines. In the stem-catarrhine primate lineage, LINE insertions between and ␥ 1 increased the intergenic distance between the two loci to 14 kb (45) and the ␥ 1 gene in catarrhines then became the primary fetally expressed gene (refs. 1, 2, 31, and 45; see also Table 4 , which is published as supporting information on the PNAS web site). During bovid evolution, block duplications that did not include the LCR gave the goat ␤-globin gene cluster three sets of cluster genes (46) . As a result, the goat has three orthologs and three orthologs but only and in the most 5Ј block, thus most proximal to the LCR, are expressed and both are exclusively expressed in the embryonic yolk sac (38) (39) (40) (41) . None of the goat's three ␤ orthologs are expressed in the embryo (39, 40) . Cis-regulatory mutations resulted in the 5Ј block having ␤ c expressed in the juvenile goat, the middle block having ␤ expressed postnatally (i.e., in the adult), and the 3Ј block having ␤ F expressed during fetal life (46) . We suggest that during evolution increases in the downstream distance from the LCR and from to another ␤-type globin gene greatly weakened the LCR's ability to promote embryonic expression of this downstream gene (Table 3 ). In turn, the developmental stage-specific expression of the downstream gene largely depended on nearby cis-regulatory elements and the trans-factors that bind to these elements. This scenario could explain the goat results in which ␤ F is at the longest downstream distance from the LCR and is expressed at an earlier ontogenetic stage (fetal) than is the adult ␤ (postnatal). Results obtained on platyrrhine ␥ 1 genes suggest that gene-proximal cis-regulatory elements may also shape the postembryonic expression patterns of embryonically expressed genes. The Callithrix ␥ 1 promoter provides a possible example. In addition to base changes in known phylogenetic footprints, we find that a truncated LINE insertion occurred just upstream of the Callithrix ␥ 1 core promoter at Ϫ576 (Fig. 3C , which is published as supporting information on the PNAS web site). LINE elements can inhibit transcription by acting as a start site for repressive transcripts (47) . This Ϫ576 LINE insertion lacks a transcriptional start site but could introduce cis-binding sites or inhibit transcription by Intergenic distances and expression patterns of the major ␤-type globin genes expressed during embryonic (e), fetal (f), and  postnatal (pn) GenBank IDs of sequences used to determine intergenic distances are provided as Table 4 , which is published as supporting information on the PNAS web site. Where species-specific data were not available, distances were obtained by bioinformatically probing one taxon with sequences from another closely related taxon; results from this approach are underlined. Underlined data on expression patterns are always derived from species within the same genus. ߛ indicates a gene is expressed at more than trace levels during a particular developmental stage. If expressed in more than one stage, the relative amounts are denoted by the number of ߛs indicated. x, nd, and -indicate no expression, no data, and not applicable, respectively. *Indicates taxa for which there are complete ␤-globin cluster expression data available, i.e. from embryonic, fetal and postnatal stages.
† Indicates taxa for which intergenic distances are based on physical measurements from published data. ‡ Reported only total ␥ chain synthesis levels, with no distinction between ␥1 and ␥2.
altering the relation between the promoter and enhancer elements. In the deletional form of hereditary persistence of fetal hemoglobin, deletions within the ␥ promoter lead to overexpression of fetal hemoglobin. It has been suggested that these deletions bring downstream enhancer elements closer to the core promoter, augmenting their ability to drive transcription (48, 49) . We suggest that the LINE insertion here may have the complementary effect, moving LCR enhancers away from the core promoter to down-regulate fetal transcription. This truncated LINE insertion lies upstream of Ϫ169, the 5Ј limit of the Callithrix ␥ conversion (17) and, therefore, has escaped any corrective gene conversion from ␥ 2 . The results obtained in mice emphasize that the trans-acting environment also plays a major role in determining whether a ␤-type globin gene is expressed embryonically. Yeast artificial chromosome transgenes that contain the entire human ␤-globin gene cluster plus extensive 5Ј and 3Ј flanking sequences express the human ␥ 1 gene to a greater extent in the mouse embryo than in the mouse fetus (27, 50) , a pattern that simulates the embryonic expression levels of the mouse's endogenous ␥ and genes. Yet, in humans, the ␥ 1 gene is expressed to a much greater extent in the fetus than in the embryo. This difference in expression patterns probably results from the mouse's trans-acting environment being different from the human's. For example, GATA1, an erythroid transcription factor that interacts with the LCR, resides at a locus with marked differences in chromatin structure in mice and humans (51) . Moreover, cis-elements in the GATA1 locus show greater binding affinity for trans-factors in mouse than in human erythroid cells (51) . If this pattern holds for embryonic erythroid cells as well, then the different trans-acting transcriptional environments that apparently exist in human and mouse may account for human ␥ 1 being a major embryonic gene in transgenic mice but only a minor embryonic gene in humans, where it is the major ␤-type globin fetal gene.
Our updated model for the regulatory evolution of primate ␥-globin genes predicts that the short distance between and the adjacent ␥ gene in platyrrhines allows the LCR to activate both genes in embryonic erythroid cells of the yolk sac. Accordingly, the platyrrhine ␥ 1 genes never were primarily fetally, but rather have remained embryonically, expressed despite gene conversions from the fetal ␥ 2 gene. This conclusion can account for earlier observations that were difficult to fit into a coherent model. Several platyrrhine clades have what appear to be harmful mutations in the proximal CCAAT box of the ␥ 1 promoter (18), as judged by findings in which the wild-type CCAAT motif is a promoter element needed for expression of ␤-globin gene (52) . Yet, these platyrrhine ␥ 1 genes have none of the characteristics of pseudogenes. However, if the genes are primarily embryonic, the CCAAT mutations would not be inactivating, because the proximal CCAAT box is not required for embryonic expression (52, 53) but may be required for fetal expression. Fetal inactivation might also be caused, as pointed out above, by the truncated LINE sequence found in the Callithrix ␥ 1 promoter. An additional feature of platyrrhine ␥ expression is that the switch from ␥ to ␤ expression occurs during midfetal life, whereas in catarrhines, the full switch to ␤ does not occur until months after birth (31, 54) . The results reported here for Alouatta reconfirm this conclusion. It may be noted that among the platyrrhines examined during midportions of fetal life, the switch from ␥ to ␤ expression was most pronounced in Aotus (Table 2) , and the distance of ␤ from is shortest in Aotus (Table  3) . Catarrhines show the most delayed switch from ␥ to ␤ expression and the longest distance between and ␤. These results indicate that in primates, the greater the distance of a downstream ␤-type globin gene from , and from the LCR, the greater the delay in ontogeny before up-regulation of the downstream gene. Selection of the appropriate gene-proximal cis-regulatory elements would still be required. However, it would fit either a tracking or looping mechanism for LCR activation if the ␤-type globin gene chosen to be fetally expressed (␥ 2 in the stem-anthropoid lineage) was genomically the next in line on moving downstream from the embryonically expressed ␥ 1 gene.
Materials and Methods
The tissue samples used in the analysis were obtained from the Centro Nacional de Primatas, Ananindeua, Parà, Brazil, and were as follows: whole embryonic tissue from the owl monkey Aotus infulatus, whole fetal tissue from the marmoset Callithrix penicillata, and term placental tissue from a hybrid offspring of the howler monkeys Alouatta belzebul and Alouatta caraya. The samples were received in 1998 and have been stored in liquid nitrogen.
PCR. Total RNA was isolated from each tissue sample by using the RNAqueous-4PCR isolation kit (Ambion, Austin, TX) and treated with RNase-free DNase. The quantity and purity of RNA in each sample was determined by absorbance at 260 and 280 nm. Primers (sequences are given in Data Set 1; see also Data Sets 2 and 3, which are published as supporting information on the PNAS web site) were designed to amplify fragments of Ͻ200 bp to maximize efficiency. In most cases, interference by any remaining genomic DNA was avoided by using primer pairs that amplify genomic DNA segments across an exon-intron boundary. To test the primers, reverse transcription reactions were performed by using the SuperScript One Step RT-PCR with Platinum Taq (Invitrogen Life Technologies). All reactions contained Ϸ1 g of total RNA, 200 units of enzyme, and 5 pM of each primer in a total volume of 50 l. The RT-PCR sequence was 1 cycle of reverse transcription at 45°C for 40 min, followed by PCR cycles consisting of an initial denaturation of 94°C for 5 min for 32 cycles of touchdown PCR amplification (4 cycles for each°C) 94°C for 45s; 52°C-45°C for 45 s; 68°C for 2 min, and a final extension of 68°C for 10 min. The resulting fragments were sequenced to determine that the correct globin mRNA was amplified.
With tested primers, quantitative real-time RT-PCR assay of transcripts was carried out in a Light Cycler (Roche) with SYBR green fluorescence (55) by using the Quantitect SYBR Green RT-PCR kit (Qiagen, Valencia, CA) as described by the manufacturer. To determine the relation between relative concentration and Ct, dilutions of the RNA preparation were amplified with a ␤-actin primer set that had been designed in this laboratory by using publicly available primate sequences. It was found that a one-log increase in RNA concentration lowered Ct by 3.27 cycles. Replicate PCR using primer sets for the globin genes for each species was performed on the same dilutions, and the relative amounts of each globin message were calculated.
Restriction Digest and Electrophoresis of Callithrix Amplicons. We designed a primer set (GgloU35869 in exon 3 and GgloL36029 in the 3Ј UTR) to complement sequences, which are identical in ␥ 1 and ␥ 2 but flank a region with five base pair differences. PCR produced a mixture of two amplified fragments, one from the ␥ 1 mRNA and one from ␥ 2 mRNA. Because the fragments are nearly the same size (160 and 161 bp) and are obtained by using the same primer pair, it is reasonable to conclude that they are amplified with equal efficiency. To determine the amount of each fragment, we took advantage of the fact that the ␥ 1 sequence contains a restriction site for EcoICRI, which is not found in ␥ 2 . Thus, digestion with EcoICRI yields two fragments from the ␥ 1 amplicon (136 and 24 bp), whereas the ␥ 2 amplicon remains intact. For the restriction digest, 1 g of DNA (obtained from amplified RT-PCR product) was digested with EcoICRI (5 units) in a final volume of 20 l. Each time point sample was electrophoresed on a 12% polyacrylamide gel, with five aliquots of the undigested cDNA as standards. The bands were detected by ChemiImager (Alpha Innotech, San Leandro, CA) after staining with SYBR green and quantified by using a densitometer (Molecular Dynamics).
DNA Sequencing. DNA sequencing reactions were done by using the Big-Dye primer cycle sequencing kit (Applied Biosystems) according to the manufacturer's specifications. Sequencing was performed on the ABI 3700 (Applied Biosystems).
Callithrix Promoter Analysis. Phylogenetic footprints are sequences of six or more bases that are evolutionarily highly conserved and have been shown to bind nuclear factors or to have a regulatory function in transgenic mice (7, 12, 13, 44, 56 -59) . Using CLUSTALX (60) , the 5Ј-f lanking regions of Callithrix ␥ 1 (AH010019) and ␥ 2 (AF016991) were aligned from the cap site to position Ϫ1,200 to identify potential sequence differences that may have led to a relative downregulation of ␥ 1 (Fig. 3) . We focused on those base changes within 12 regulatory motifs, including nine in the ϩ1 to Ϫ235 region (61) that have been characterized by molecular biological techniques, and an additional three in the Ϫ235 to Ϫ1,200 region identified by phylogenetic footprinting (12, 44, 56, 62) . This work was supported by National Institutes of Health Grant R01 DK56927 and National Science Foundation Grant BCS-0318375.
